Meiotic recombination is a major driver of genome evolution by creating new genetic combinations.
similarity between homologs (i) in DSB rich regions within intervals, (ii) in entire intervals, and (iii) at 27 the whole genome scale. Therefore, these correlations cannot be explained by cis-effects only. In 28 addition, by using a quantitative genetics analysis, we identified an inbreeding effect that reduces Materials and Methods). In the resulting diploids, we measured the recombination rate and CO 104 interference based on 14 genomic segments covering chromosomes VI and XI, and part of 105 chromosome I. Our results show up to 2.5 fold differences in recombination rate when considering 106 all pooled intervals and up to 9-fold differences in some intervals. Our dataset indicates also a clear 107 positive correlation between CO numbers and genome wide sequence similarity between homologs 108 in the hybrids, and thus a negative correlation between recombination and observed heterozygosity.
109
However, concomitantly, the correlation was weaker when using sequence similarity within the 110 interval where recombination is measured. To obtain further insights, five strains were intercrossed 111 in an incomplete diallel design (among the fifteen possible parental combinations, only ten crosses 112 produced diploids able to sporulate). The recombination rate of these ten diploids was then analyzed 113 in one interval of chromosome XI. Altogether, we find (1) that sequence similarity between homologs 114 (and thus heterozygosity) plays a major role in the observed variation of recombination rate, and (2) 115 that homozygosity lowers recombination, a phenomenon that can be thought of as an inbreeding 116 depression.
118
Results 119 Sporulation, spore viability and recombination rate 120
Because of the large genetic diversity explored in this work, we first assessed the correct progress of 121 meiosis using sporulation rate and spore viability as proxies. When crossing all strain of the collection 122 (see Materials and Methods; [67]) with SK1, sporulation rates at the plateau (always reached after 10 123 days on the sporulation medium; Supp Fig 1) ranged from 14% to 85% across hybrids with a 124 continuous variation, the maximum being reached for the SK1×SK1 diploid which is completely 125 homozygous (Supp Fig 2A) . Spore viability ranged from 1.5 to 85 %, the hybrids from strains 140 2). The patterns of recombination rate along chromosomes were significantly different between 141 hybrids for some intervals, but all hybrids showed the same decreasing recombination rate tendency 142 in the vicinity of centromere regions except for chromosome I for which there is a strong DSB 143 hotspot in the interval containing the centromere (Fig 2) . For each interval, the ratio between the 144 most and least recombining hybrids ranged from 1.8 to 9.5. Note that the SK1 × K1 diploid had the 145 highest recombination rate only for intervals two and ten. Analyses of variance revealed significant 146 effects of hybrids, intervals, and hybrid × interval interactions on recombination rate (p-value < 147 2.2×10 -16 for each effect). Further, we observed a significant effect of the geographic origin on the 148 global (eight testers pooled) recombination rate of the hybrid (ANOVA p-value = 0.009). Specifically, 149 pairwise significant differences were observed between African and American origins (Tukey's HSD 150 test: p-value = 0.049). Genome-wide sequence-based phylogenetic groups [31] also showed a 151 significant association with recombination rate (ANOVA p-value = 3.9×10 -6 ). Specifically, pairwise 152 significant differences were observed between the West-African group and all other groups (Tukey's 153 HSD test: p-values < 10 -4 ). Because adaptation to a changing environment can drive evolution 154 towards higher recombination rate [32], we analyzed hybrids of strains grown solely in laboratory 155 habitat (supposed to be a stable environment). Surprisingly, they had significantly higher 156 recombination rates than the strains coming from all other types of habitat (Tukey's HSD test: p-157 values < 10 -4 ) (Supp Fig 4) .
158

Relationship between recombination rate and DSB levels 159
For all hybrids, recombination rates and DSB patterns showed a positive correlation except in the 160 region between markers Y2 and R3 of chromosome VI, and in the region between Y9 and C10 of 161 chromosome XI (Fig 2) . Patterns of recombination rate along chromosomes and average SK1 DSB 
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High levels of heterozygosity reduces recombination 164
To investigate the correlation of recombination rate with sequence similarity between homologous 165 chromosomes (which is one minus the observed heterozygosity) across the different hybrids, we 166 considered successively five scales of sequence similarity: the pool of all intervals studied, the pool of 167 all intervals on each chromosome, each interval separately, DSB-rich regions within each interval, 168 and 30Kb regions surrounding each interval (see Materials and Methods). We found a significant 169 positive correlation between average recombination rate and sequence similarity when pooling all 170 intervals (r 2 =0.43 p-value=9×10 -4 ) (Fig 3) , as well as when pooling intervals for each chromosome 171 (r 2 >0.2 p-value<0.04) (Supp Fig 5) . The three chromosomes investigated thus seem to have similar 172 correlations. When considering the 14 intervals separately, we found significant positive correlations 173 between sequence similarity and recombination rate for nine of them. Analysis of sequences flanking 174 these 14 intervals on both sides showed that only five intervals gave significant positive correlations 175 (Supp Tab 3). Finally, focusing on sequence similarity within DSB-rich regions in these 14 intervals, 176 nine intervals showed significant positive correlations (Supp Tab 3). Interestingly, the correlation 177 between recombination rate and sequence similarity in DSBs rich regions is weaker than when 178 considering the whole sequence spanned by intervals, showing that CO number is not mainly 179 controlled by local sequence similarity at the sites of DSBs repair. Similarly, the correlation between 180 the recombination rate and sequence similarity within the interval studied is weaker than when 181 considering genome wide sequence similarity, which points to the existence of significant trans 182 effects that may be more important than cis effects for controlling CO number.
183
Crossover interference analysis 184
To quantitatively compare interference strength across strains and chromosomal regions, we used 185 the ν parameter of the gamma model [33], inferred for each pair of adjacent intervals (corresponding 186 to one tester) from its coefficient of coincidence (CoC) and its two recombination fractions measured 187 for a strain × tester combination (see Materials & Methods and Supp Methods). As in our previous 188 study [29], we discarded the tester SK1-XI-R1C2Y3 from interference analyses because its first 189 interval is too small (5,557 bp). When pooling the information given by the seven testers, we 190 obtained ν values ranging from 0.54 to 1.53 across hybrids (Supp Fig 6) . Most hybrids show either no 191 interference (ν ≈1) or positive interference (ν >1). However, the two strains YIIc17_E5 and 192 UWOPS83_787_3, which also have the lowest genome-wide recombination rates, display negative 193 interference (ν <1). Interference patterns along chromosomes were also significantly different 194 between some hybrids (Supp Fig 7) . We found significant effects of hybrid, tester, and interaction 
199
Inbreeding reduces recombination 200
To obtain further insights on the control of recombination rate, we measured the genetic length of 201 interval Y9C10 on chromosome XI for 10 hybrids obtained by crossing five parental strains in an 202 incomplete diallel experiment (See Fig 4) . As above, the recombination rates in this diallel 203 experiment showed a significant correlation with sequence similarity between homologs (p-value= 204 7×10 -10 , r 2 =0.4). Recombination rate is a quantitative trait displaying genetic diversity ( Fig 1) . As such, 
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which uses a Bayesian approach to fit hierarchical generalized linear models. We found that the 
237
showed that strain DBVPG6044 had a significantly higher GCA value (+8.5cM from the intercept value) 238 than the four other strains (between -3.4 and 0cM), which were not very different from each other.
239
SCA results showed some differences between parental combinations (ranging from -3cM to +4.5cM) 240 but the effects remained limited. In the cases of SK1 and YPS128, for which we could measure the 241 recombination rates in the homozygous diploids, we observed strong inbreeding effects, in effect 242 depressing the recombination rates in a major way (INB=-36,7cM for SK1 and INB=-23.3cM for 243 YPS128). Finally, the estimated effects of sequence similarity (αS) ranged from 0 to +44.4cM across 244 hybrids, the two highest values corresponding to homozygous diploids. Thus in our experiment, 245 hybrids from distantly related strains show that heterozygosity decreases recombination rate, but we 246 also see from the two homozygotes having negative inbreeding effects, that high levels of 247 homozygosity might also decrease recombination rate. Altogether, αS and INB effects were much 248 stronger than other effects, suggesting that sequence similarity may be the strongest factor driving 249 the genetic diversity of recombination rate within S. cerevisiae strains.
251
Discussion 252
Intraspecific diversity of recombination 253
When the level of divergence between homologous chromosomes is too high, DSBs cannot be 254 repaired through the homologous recombination pathway but may be repaired through the 255 mismatch repair pathway, leading to aneuploidy and loss of spore viability [39, 40] . In our 256 study, we thus discarded the hybrids showing strong spore viability defects, to keep only 257 those which are relevant for studying homologous recombination. We observed 258 recombination rates (averaged across the eight testers) between 0.20 and 0.51 cM/kbp, which 259 is consistent with previous results in budding yeast genome-wide analyses: 0.4cM/kbp Two hybrids however, YIIc17_E5 × SK1 and UWOPS83_787_3 × SK1, showed negative 281 interference. These two hybrids are among those with the lowest recombination rate, 282 sporulation rate, and spore viability of the collection. In such crosses between distantly related 283 parents, negative interference can be justified a posteriori as being due to meiotic defects. 284
Specifically, if two homologs simply do not pair in some fraction of meioses, CO events will 285 be statistically positively correlated. In a similar vein, if homologs stochastically pair only 286 along part of their length, COs will be restricted to those paired regions and thus in effect they 287 will be subject to clustering. Both situations result in apparent negative interference even if 288 there is positive interference between crossovers for each meiosis. This is in direct analogy 289 with what was observed in the Arabidopsis axr1 mutant [48] . 290
We also observed significant variation of interference across hybrids. To our knowledge, 291 intraspecific diversity of interference strength had never been assessed before in S. cerevisiae, 292 but in maize, Bauer et al. .The DSB/CO ratio is then about 25 in maize to be contrasted with 2.5 304 in S. cerevisiae. So in the context of selective pressure against too many COs, CO regulation 305 through interference will be much more efficient in maize than in yeast, which might explain 306 the difference between our results in yeast and results in maize [8] . 307
Genetic control of recombination rate 308
Effect of heterozygosity and homozygosity on recombination rate 309
Considering all intervals pooled, the recombination rates in our study showed a significant positive 310 correlation with sequence similarity between the two parents of the hybrid. This result is in 311 accordance with previous studies showing that heterozygosity can have an inhibitory effect on 312 homologous recombination in yeast [55] or in A. thaliana [56] . In our study, sequence similarity in 313 DSB rich regions did not explain recombination rate better than sequence similarity in whole 314 intervals, suggesting that the sequence similarity in the region of strand invasion is probably not the 315 main determinant of DSB commitment into CO vs NCO. However, we used DSBs pattern obtained 316 from a homozygous SK1 strain, whereas our hybrids are heterozygous between SK1 and other strains, 317 so DSBs landscape may be different in our hybrids although they have one haplotype in common.
318
Elsewhere our analysis of sequence similarity in regions flanking the 14 intervals on both sides 319 showed a significant positive correlation with the recombination rate within the interval in five cases 320 (four of which also being significant when considering sequence similarity within the intervals). This 
334
Dissecting parental effects on recombination 335
Our diallel experiment also showed a significant positive effect of sequence similarity on 
Materials and Methods
360
Biological material 361
The collection of 26 S. cerevisiae strains used in this study comes from the Saccharomyces Genome 
367
Each of them contains three reporter genes distant by around 30 centiMorgans on a same 368 chromosome, coding for three different fluorescent proteins that can be detected in flow cytometry.
369
That nice feature allowed us to use tri-fluorescent testers rather than bi-fluorescent ones, speeding 370 up the process of measuring recombination rates; as a bonus, we also obtained measures of genetic 371 interference since we were able to detect the presence of double recombinants.
372
Sporulation efficiency 373
Each of the 26 Mat a strains of the collection was crossed with the Mat α tester SK1-XI-R1C2Y3 to 374 produce a hybrid diploid and spores as described in [29] . At days 1-2-3-4-7-8-9-10-11 of incubation 375 on solid SPOR medium (2.5% yeast extract, 1% glucose, 10% potassium acetate) at 30°C, cells were 376 picked up and resuspended in 10µL H2O on a microscope slide. Tetrads and vegetative cells were 377 counted at 1000X magnification.
378
Spore viability 379
At day 10 of the sporulation efficiency experiment, we scraped one quadrant of each of the 26 Petri 380 dishes and prepared spores as described in [29] for FACS sorting. We selected events corresponding 381 to the size of spores using a gate in the side scatter (SSC)-Height-Log vs forward scatter (FSC)-Height-
382
Log graph (Summit software, Beckman Coulter, USA), then we discarded events containing more 383 than one cell using a gate in the SSC-Height-Log vs SSC-Area-Log graph (see Materials and Methods in [29]). One spore per well was distributed in two 96-wells plates containing 100µL solid YPD medium.
385
After 48 hours incubation at 30°C, we counted the number of wells in which a colony had grown. In 386 rare cases, two colonies were observed in the same well and these events were discarded from 387 further analyses. Thus, 192 spores were analyzed per condition.
388
Recombination rate and interference measurements on the collection 389
As it was technically impossible handle all strain and all testers in the same experiment, we worked 
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Score of sequence similarity at different scales 423
Reference sequences of all strains studied come from the Saccharomyces Genome Resequencing sliding with a 50bp step. Only windows which did not contain any "N" in their sequence (92.6 % of 434 the cases, sd = 7.9 %) were considered. For each window, we calculated the sequence similarity 435 percentage as the fraction of identical nucleotides in the first High-Scoring-segment Pair multiplied 436 by its length and divided by the size of the window (200) and multiplied by 100. We then took the 437 average percentage of similarity for all windows within the region considered, calculated both ways.
438
These computations were carried out using R scripts calling standalone BLAST+ [70] . Blast was 439 preferred to sequence alignment software because it is much quicker and complete alignments were 440 not necessary here. 
